The evaluation of sound localization accuracy (SLA) requires precise behavioral responses from the listener. Such responses are not always possible to elicit in infants and young children, and procedures for the assessment of SLA are time consuming. The aim of this study was to develop a fast, valid, and objective method for the assessment of SLA from 6 months of age. To this end, pupil positions toward spatially distributed continuous auditory and visual stimuli were recorded.
INTRODUCTION
Sound localization refers to the ability to locate where a sound is coming from. It may direct the listeners attention to a nearby car outside the visual field (e.g., behind the listener) or to an interesting conversation. Sound localization in the horizontal plane is widely thought to predominantly depend on binaural cues arising as a consequence of the distance between, and the placement of, the two ears: interaural time differences carried in the signal waveform and the envelope and interaural level differences (Rayleigh 1907; Jeffress 1948; Middlebrooks & Green 1991) . Although the human cochlea is mature at birth (e.g., Bredberg 1968; Lavigne-Rebillard & Bagger-Sjöbäck 1992; Pujol & Lavigne-Rebillard 1992; Moore & Linthicum 2007 ) and a sensitivity to at least one of the binaural cues (interaural time difference) is demonstrated already from a few weeks of age (Ashmead et al. 1991) , the ability to locate the source of a sound is not complete in neonates and young children.
Sound localization performance may be expressed in terms of spatial discrimination (often referred to as sound localization acuity) (e.g., Grieco-Calub et al. 2008; Kühnle et al. 2013 ). High sound localization acuity corresponds to a low discrimination threshold for the angular difference between two sound sources: the minimum audible angle (MAA; see Mills 1958) . The demands in an MAA task differ compared with absolute sound-source identification (often referred to as sound localization accuracy [SLA] ), where the listener is supposed to identify a sound source without a reference. Positron emission tomography experiments suggest that specific auditory cortical regions are recruited during an SLA task, whereas not during a spatial discrimination task (Zatorre et al. 2002) , highlighting the difference between SLA and acuity.
SLA may be expressed in several ways, for example, as a mean angular error (MAE) (e.g., Makous & Middlebrooks 1990 ), a root-mean-square error (RMS) (e.g., Rakerd & Hartmann 1986; Van Hoesel et al. 2002) , or an Error Index (EI) (e.g., Gardner & Gardner 1973; Asp et al. 2011) . Common for these measures is that they in their computations include the discrepancy between the presented sound-source azimuth and the perceived sound-source azimuth for each trial, and the final result is presented as an overall SLA error. The EI has an inherent advantage in localization setups with large angular separations, where it may be less relevant to report performance as MAE or RMS. Hence, the EI may be useful for making valid
Development of SLA and Acuity
Just minutes after birth, neonates orient their eyes toward sound (Wertheimer 1961) . From the newborn period up to about 1 month of age, head orienting toward sound sources may be reliably elicited, with orientation responses taking a median of 8 sec to complete (Muir & Field 1979) . During ages 1 to 3 months, head orienting toward sound disappears and again reappears at 4 months of age (Muir et al. 1989 ) although recent electroencephalographic data indicate that the cortex of 2-month-old infants detect changes in sound location from frontal sound incidence to ±90 degrees (Slugocki & Trainor 2014) . Subsequently, both SLA and sound localization acuity develop systematically as a function of age between 5 and 18 months of age-as revealed by increasing acuity in head orientation to sound-with thresholds for spatial discrimination angles being somewhat smaller than angular errors in absolute sound-source identification (Morrongiello & Rocca 1987; Morrongiello 1988; Ashmead et al. 1991) . Specifically, SLA, quantified as the angular difference between head-turn angle and sound-source azimuth, is estimated to be 15.8 to 16.9 degrees (depending on the sound-source azimuth), 14.5 to 15.4 degrees, 11.8 to 13.1 degrees, 9.1 to 10.6 degrees, and 5.9 to 6.6 degrees by age 6, 9, 12, 15 , and 18 months, respectively (Morrongiello & Rocca 1987) , whereas sound localization acuity is estimated for the same ages to 12, 10, 8, 6, and 4 degrees (Morrongiello 1988) . By age 5 to 6 years, children show MAEs approaching adult performance (Van Deun et al. 2009 ), whereas MAA continues to decrease into adolescence (Kühnle et al. 2013) , further highlighting the difference between the spatial discrimination and identification cortical processes.
Techniques
Previously described methods for assessing sound localization performance in infants and young children are almost exclusively focused on measuring directional discrimination or localization acuity rather than absolute sound-source identification (see Clifton 1992 for an overview). These methods are observer based (i.e., subjective observation of head turns, eye movements, and body positioning toward sound sources and more recently a reaching for sound methodology) (Litovsky et al. 2013) . Although these methods offer insight into sound localization abilities in young children, some important limitations may exist. First, for some of the methodological approaches mentioned, an observer bias may occur, thereby compromising objectivity. Objectivity may, however, be achieved if careful steps are taken to blind the observer (see, e.g., Grieco-Calub et al. 2008) . Second, if observation of the child's behavior is performed subjectively, the spatial resolution of the test setup presumably has to be limited, that is, a test setup with small angular differences between loudspeakers may impede the observer's estimation of the child's direction of attention. The alleged magnitude of the angular differences between loudspeakers needed for accurate subjective observation may thus result in a measure with unwanted ceiling effects already in a young population.
Third, a head-turn angle is not necessarily related to the visual axis (gaze) (Funk & Anderson 1977) . To direct visual attention (either voluntarily or as a reflex) in response to an externalized auditory stimulus is a natural behavior for both humans and animals. Such behavior is now possible to study noninvasively by corneal-reflection (CR) eye tracking (for a comprehensive review on eye tracking in research, see Gredebäck et al. 2010) . In brief, CR eye tracking uses relative positions of the pupil and a reflection of a light source on the cornea (near-infrared [IR] light) to compute pupil positions (gaze). When the eye moves, the reflection will remain relatively still owing to the shape of the eyeball (sphere). The image of the pupil and CR is recorded by cameras, resulting in images that are fed to a computer where the pupil/CR relation is calculated with image processing algorithms, allowing a gaze estimate with a theoretical spatial resolution of about 1 visual degree.
No data for children's gaze as a measure of perceived soundsource azimuth are available to our knowledge. In adults, however, one attempt has been made to assess localization accuracy by measuring participants' gaze toward sound sources (Populin 2008) . This study required participants to undergo a medical procedure, where scleral coils were placed in one eye of the subjects.
By 1 month of age, infants are able to visually localize a target in their peripheral visual field (Aslin & Salapatek 1975) . Probability and latency of visual localization of peripheral stimuli are affected by contrast, size, or luminance (Cohen 1972; Lewis et al. 1985; Atkinson et al. 1992 ). More complex stimulus properties (e.g., moving and/or colored stimuli) do not influence infants' gaze shifting (Hunnius & Geuze 2004b) , albeit elicit longer fixations around outstanding features compared with noncolored and simple geometric forms (Johnson & Johnson 2000; Hunnius & Geuze 2004a) . Indeed, infants (and adults) have a preference for colored stimuli over noncolored stimuli. However, infants do not seem to prefer different colors before the third month of life (Adams 1987) . By 4 months of age, infants are able to perform gaze shifts rapidly and with ease to relevant locations (Butcher et al. 2000) . Crucially, from about 6 months of age, children show gaze-shifting latencies comparable to that of adults for nonoverlapping central and peripheral visual stimuli (Hood & Atkinson 1993; Matsuzawa & Shimojo 1997) .
A method allowing for reliable and objective measurement of SLA is recognized by clinicians and researchers to provide valuable data, for example, bilateral cochlear implant candidacy or bimodal fittings, and as an instrument for the quantification of the aided benefit in subjects with unilateral hearing losses. The purpose of this study was to develop a precise, rapid, and objective method for the assessment of horizontal SLA from 6 months of age, with the assumption that gaze is a good estimate of the perceived sound-source azimuth. In the course of the development of the method, we found high test reliability and high SLA at both frontal and lateral azimuths for adults and an age-related improvement of SLA in infants.
MATERIALS AND METHODS

Study Design
Horizontal SLA of normal-hearing adults and allegedly normal-hearing children was measured objectively by recording pupil positions in relation to spatially distributed sounds.
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ASP ET AL. / EAR & HEARING, VOL. 37, NO. 2, Multiple randomized azimuthal shifts of an ongoing auditory stimulus were executed in a custom-made sound localization setup spanning ±55 degrees of the frontal horizontal plane. Pupil positions were related to the presented azimuths by CR eye tracking. Adults were included to provide data for comparison with children. SLA was measured in an audiological test room and objectively quantified by computing an EI (Gardner & Gardner 1973; Asp et al. 2011 ).
Subjects
Twelve children (10 females) with a mean (SD) age of 66 (38) weeks (range: 29 to 157 weeks) and eight adults (7 females) ages 18 to 40 years participated in the study. All the children had passed the universal newborn hearing screening. According to parental reports, they were healthy with neither current nor any history of frequent ear infections. One additional child (20 months of age) was recruited but did not cooperate to testing.
In adults, pure-tone thresholds, otomicroscopy, tympanometry, and acoustic stapedius reflex measurements were performed immediately before the study to ensure otologically normal subjects. All the adults had pure-tone thresholds ≤20 dB HL in each ear, as measured via insert earphones (Ear Tone ABR; Etymotic Research Inc., Elk Grove Village, IL) at 125, 250, 500, 1000, 2000, 3000, 4000, 6000, and 8000 Hz by using a fixedfrequency Békésy technique (Berninger et al. 2014) .
Adults and parents to the participating children received oral and written information about the study before enrollment. Written informed consent was obtained for all the participants, and the study was approved by the regional ethical committee in Stockholm, Sweden.
Apparatus
Sound Localization Setup • SLA was measured in quasi-free sound field in an audiometric test room (4.1 m × 3.3 m × 2.1 m) with low ambient sound level (mean = 25 dB (A) obtained during 15 sec measurement) and short reverberation time (T 30 = 0.11 sec at 500 Hz), as recorded with a B&K 2238 Mediator and B&K 2260 Investigator (Brüel & Kjaer, Naerum, Denmark), respectively. Subjects were seated in front of 12 active loudspeakers (ARGON 7340A; Argon Audio, Sweden) spanning a 110-degree arc in the frontal horizontal plane. Chairs designed for young children were used in the pediatric group, so that the youngest children had support for sitting in an upright position. The loudspeakers were placed equidistantly with 10 degrees spacing, resulting in loudspeaker positions at ±55, ±45, ±35, ±25, ±15, and ±5 degrees azimuth with respect to the subject (Fig. 1A) . A 7-inch thin film transistor (TFT) display with 1024 × 768 pixels resolution was mounted below each loudspeaker, resulting in 12 loudspeaker/display (LD)-pairs ( Fig. 1A ). To attract gaze to the visual displays, the loudspeakers and the custom-built loudspeaker/display stand were covered in black cloth. The approximate distance from the head of the subject to the loudspeakers and the visual displays was 1.2 and 1.1 m, respectively. The loudspeakers were at ear level and vertically adjusted to accommodate for different heights of the subjects.
The sound localization test was computerized running on a personal computer (Dell Latitude E5520; Dell Inc., Dallas, TX) with Windows 7, equipped with a multichannel external soundcard (AudioFire 12; Echo Audio Corporation, CA) and two external multichannel video mixers (VP-108; Kramer Electronics, Israel). The outputs from the soundcard were connected to the loudspeakers, and the outputs from the video mixers were connected to the TFT displays feeding them with a video graphics array signal from the computer. Eye Tracking Setup • An eye-tracking system (Smart Eye Pro; Smart Eye AB, Gothenburg, Sweden) consisting of a personal computer, four cameras (Basler acA640; Basler AG, Ahrensburg, Germany), two IR flashes, an exponator, and software for eye tracking (Smart Eye Pro 5.9; Smart Eye AB) was used for objective positioning of subjects pupil positions relative to the LD-pairs. The cameras, equipped with 12 mm lenses and IR filters, were mounted below the loudspeakers at approximately ±50 and ±20 degrees azimuth. They provided the computer with four video feeds of the subject. The IR flashes, emitting near-IR light toward the subjects, were positioned 0.1 m laterally to the cameras at −50 and +50 degrees azimuth, respectively.
The three-dimensional coordinates of the cameras, the IR flashes, and the LD-pairs were defined in a three-dimensional model in the eye-tracking software ( Fig. 1B) . Specifically, the LD-pairs were defined through rectangular areas of interest (AOI) (Gredebäck et al. 2010) . Each AOI had its origo coordinates in the middle of the corresponding visual display according to the following Equation:
where φ is the azimuth of the visual display in radians and r the radius of the array of visual displays, with respect to the approximate center of the subjects head. The AOI was slightly larger than the width (0.14 m) and the height (0.40 m) of the corresponding LD-pair, specifically in the vertical dimension which was not of primary interest, to avoid loss of gaze data due to any small inaccuracies in gaze calibration and inaccuracy inherent in the eye-tracking system (0.5 visual degrees). As a result, 12 AOIs-each with width = 0.17 m and height = 0.55 m-constituted a continuous array of AOIs in the threedimensional model ( Fig. 1B ).
Stimulus
An ongoing auditory-visual stimulus (a colorful cartoon movie playing a continuous melody) was presented at 63 dB SPL (A) and used for sound localization measurements. No roving of the sound level was applied. The stimulus had a longterm frequency spectrum similar to the unmodulated noise used in the Hagerman (1982) Sentences (equal energy in 1/3-octave frequency bands).
A stationary noise with a similar long-term frequency spectrum as the target signal was used for individual calibration of presentation levels across loudspeakers. The transfer functions and sound level for each loudspeaker were measured with a B&K 2238 Mediator (Brüel & Kjaer) with the microphone placed at the center of the subjects' head in absentia. Comparisons of loudspeakers indicated low spectral variability. For example, the SD of the mean sound pressure level at 1000 Hz (1/3-octave band) was 1.2 dB (n = 12 loudspeakers) (see Fig., Supplemental Digital Content 1, which illustrates the spectra of the loudspeakers; http://links.lww. com/EANDH/A215). ASP ET AL. / EAR & HEARING, VOL. 37, NO. 2, Procedure Gaze Calibration • Immediately before each test session, a calibration of the subjects' gaze relative to the AOIs was performed (for a detailed description of eye-tracking calibration procedures, see Gredebäck et al. 2010 ). The auditory-visual stimulus was presented at 63 dB SPL (A) from different LDpairs along the array, resulting in multiple shifts of the subject's visual and auditory attention. The auditory-visual shifts were controlled by an experimenter situated outside the audiometric test room. Although the auditory-visual shifts were primarily performed to cue the subject's attention to the visual displays, thereby relating the coordinates of the pupils to the AOIs, it also served as a familiarization procedure to the auditory-visual stimulus. The calibration procedure lasted 2 to 3 min. Sound Localization Test • The test started by presenting the auditory-visual stimulus at 63 dB SPL (A) from the loudspeaker at −5 degrees azimuth, that is, just to the left of frontal incidence. When the subject showed interest in the auditory-visual stimulus, the visual stimulus was stopped and the sound was instantaneously shifted to a randomized loudspeaker (a list of 24 randomized sound-source shifts was generated before the test with the constraint that the next presented azimuth should differ from the current). The visual stimulus was automatically reintroduced after a sound-only period of 1.6 sec ( Fig. 2) to (1) maintain interest through visual reinforcement (in the pediatric group) and (2) allow sustained acquisition of gaze toward the AOIs. During the sound-only period, the subjects were guided by audition only as to where the active sound source was located, and they were allowed to move their head (and eyes) freely. In adults, the auditory and visual shifts were repeated 24 times according to a pregenerated list of randomized shifts with the constraint that no LD-pair presented the stimuli a second time before each of the 12 LD-pairs had presented once. Adults were instructed to follow the auditory-visual stimulus and that sound-only periods would occur and informed that they were allowed to move their heads freely.
In children, sound-source shifts were repeated until the subject lost interest, or showed signs of discomfort, or until 24 shifts were completed. The shifts were initiated by the experimenter, who had a view of the child from behind. If the child's attention was judged as not being toward any of the AOIs, a shift was rarely initiated. However, if loss of attention was prolonged (i.e., the child seemed to have lost interest in the auditory-visual stimulus), a shift could be initiated to cue the attention back to the AOIs. An LD-pair could present the stimuli multiple times. Children were not given any instructions before or during testing. A parent or caregiver was allowed to sit behind the child and was instructed to remain seated and unmoving and to not talk to the child. Parents were reassured that they could lift their child out of the chair if they considered it necessary or if the child showed signs of discomfort in the test situation.
The sound-only period was defined based on previous findings in 5-month-olds suggesting that latencies for the sound onset to initiation of a head turn and from initiation to completion of a head turn toward lateralized auditory stimuli at 90 degrees azimuth averaged 1.5 and 0.9 sec, respectively (Morrongiello & Clifton 1984) .
Considering that the study sample in the present study was older (7 to 36 months of age), the widest azimuths were ±55 degrees, and the sound was continuous, we anticipated that latencies would decrease. This concept was supported by pilot testing with subjects in the same age range as in the present study, where results suggested that sound-only periods longer than 1.6 sec often resulted in undesirable gaze and head-turn behavior, where subjects returned their attention to the last active visual display before the visual stimulus returned below the active loudspeaker. Data Acquisition • Subjects' pupil positions relative to the AOIs were sampled at 20 Hz. The resulting gaze/AOI intersections (sample space: ±55, ±45, ±35, ±25, ±15, and ±5 degrees A B Fig. 1 . A, The sound localization setup consisted of 12 loudspeakers and 12 visual displays, arranged in 10 degrees increments, spanning a 110-degree arc in the frontal horizontal plane. To attract gaze to the visual displays, loudspeakers and loudspeaker stands were covered in black cloth. B, Screenshot from the eye-tracking software, visualizing the three-dimensional model of the 12 "areas of interest" (virtual rectangles incorporating the loudspeakers and the visual displays). The gaze of a participating subject, here displayed as a gaze vector (red dashed line), was detected as being directed toward the area of interest having its origo at −5 degrees azimuth.
e108
ASP ET AL. / EAR & HEARING, VOL. 37, NO. 2, e104-e118 azimuth) were derived from the output of the eye tracker and stored as a function of time, time locked with the auditory and visual events.
Quantification of SLA
The perceived auditory azimuth was defined as the median of the final 10 gaze/AOI intersection samples of the 1.6-sec sound-only period, that is, a 500-msec sampling period (Fig. 2 ). Medians were calculated if at least three samples were collected.
SLA was quantified by an EI (e.g., Gardner & Gardner 1973; Asp et al. 2011) , which was calculated accordingly:
where P is the set of loudspeakers that are available in the setup (i.e., 1 to 12), i is the presented loudspeaker (1 to 12), k is the perceived loudspeaker (1 to 12), and n = 12 (i.e., the number of loudspeakers). The EI ranged from 0 (perfect performance) to 1 (random performance).
Furthermore, the data from the SLA test were analyzed as perceived versus presented sound-source azimuth. In addition, MAE and RMS were calculated in all the children and adults to facilitate comparison across studies.
Quantification of Auditory-Visual Localization Accuracy
To assess children's oculomotor immaturity, we computed the perceived auditory-visual azimuth in a similar way as the perceived auditory azimuth, that is, as the median of the final 10 samples (500 msec) of a 1.6-sec period after the transient reappearance of the visual stimulus (cf. arrow in the bottom right of Fig. 2 for the start of the sampling window for the perceived auditory-visual azimuth). Auditory-visual accuracy was quantified by an auditory-visual EI, using the same computation as for the auditory EI (see Eq. 2) and further analyzed as perceived versus presented auditory-visual azimuth.
Reliability
To assess the test reliability, a retest was performed in the adults by using the presentation order in reverse. Test reliability in children was computed by dividing each test into two parts and comparing SLA between part 1 ("test") and part 2 ("retest"). The division in part 1 and part 2 was performed so that an equal number of perceived sound sources were analyzed in either part or one more sound source in part 1 if the number of perceived sound sources was uneven. The statistical reliability of the SLA test was then quantified by analysis of the variability in test-retest differences and by estimation of the variance in EI for a single SLA measurement in both children and adults (see Eqs. 10 and 13 below for the variance estimates). Estimation of EI Variance for a Single Measurement of SLA in Children • Pilot testing revealed that gaze/AOI samples were lost in infants due to, for example, brief periods of inattention of the child (see subheading "Gaze Pattern and Presented Sound-Source azimuth as a Function of Time" in the Results section). As a consequence, the number of perceived sound sources varied between subjects (Table 1) . Hence, we estimated the variance (var) in the EI as follows:
Sound-only period (seconds) Area of Interest (degrees azimuth)
The sound is shifted to randomly assigned loudspeaker and the visual stimulus is stopped
The visual stimulus reappears ASP ET AL. / EAR & HEARING, VOL. 37, NO. 2, e104-e118 e109
We assumed that each perceived sound-source azimuth had equal variance. Then, the desired reliability measure (i.e., the variance) for the EI based on K responses may be expressed as follows:
We further assumed that this variance was approximately the same for all infants because we wanted to present a single number that characterized the reliability for any infant. For the nth listener, we assumed that the stochastic variables X ntest and X nretest had the same expected value µ n but were otherwise statistically independent. Formally, 
The expected value of the squared differences was then calculated as follows:
A square sum across all N listeners, weighted with the number of perceived sound sources K was then calculated as follows:
The expected value of this sum was calculated as follows:
and a variance estimate could thus be calculated as follows:
(10) 
it follows that a variance estimate could be calculated as follows:
Thus, for a single measurement of SLA in adults, the variance estimate can be expressed as follows:
(13)
Statistical Analysis
The primary outcome measure was the EI and it was used to compute all the statistics in the Results section. Linear regression analyses were used to study any systematic effects on EI as a function of age, number of sound-source shifts, number of perceived sound sources, and time elapsed of an SLA test in the pediatric sample. Comparison of SLA between the pediatric and adult group was performed by using Student's t test for independent samples. Median perceived sound-source azimuths versus presented sound-source azimuths were calculated across the entire spatial range tested.
Because the mean number of sound-source shifts in children was lower than that in adults (Table 1) , we analyzed the effect of a reduced number of sound-source shifts on test reliability in adults. To that end, the 95% confidence intervals (CIs) for the test-retest differences for 24 (full test), 12, 6, and 3 soundsource shifts (as counted from the start of a test) were compared Linear regression analyses were used to study the relation between the EI and the MAE and the RMS, respectively.
RESULTS
SLA in Children and Adults
All the adults revealed an EI close to 0, as depicted in the right panel in Figure 3 and in Table 2 . The mean (SD) EI was 0.054 (0.021), which reflected high SLA and low intersubject variability.
The participating children showed significantly higher mean EI than the adults (t = 5.8, p < 0.0001, Student's t test for independent samples), demonstrating lower SLA in the children ages 29 to 157 weeks than in the adults ages 18 to 40 years. The mean (SD) EI in the children was 0.414 (0.174) ( Table 2) . No child showed lower EI than any of the participating adults. In the children, EI decreased systematically with age (left panel in Fig. 3) . Linear regression analysis of EI as a function of age revealed a slope significantly different from 0 (EI = 0.619 − 0.003 × Age (weeks), r = −0.68, p = 0.015, n = 12), thus demonstrating an improving SLA with increasing age of 16 percentage points per year (left panel in Fig. 3) . Reliability • The adults showed high reliability in SLA. The test-retest differences averaged 0.013, with a corresponding SD of 0.039 (range = −0.06 to 0.06) (right panel in Fig. 4) . Moreover, the 95% CI included 0 (Table 3) , that is, no systematic learning effect was observed. The estimated SD in the EI for a single SLA measurement was 0.028 (see Eq. 13 in Materials and Methods) corresponding to a 95% CI of ±0.054.
The 95% CI for the test-retest differences for 12, 6, and 3 sound-source shifts, as measured from the start of the SLA test, also included 0 (Table 3) . Thus, no systematic effect was observed for a reduced number of sound-source shifts. However, variability increased slightly, particularly for 6 and 3 sound-source shifts (Table 3) . Nonetheless, no significant differences existed between mean test-retest differences for 24, 12, 6, and 3 sound-source shifts (all six combinations tested: 0.26 < p < 0.91, Student's t test for dependent samples).
The "test-retest" differences in children-computed as the difference between part 1 and part 2 of the SLA test in all subjects-were symmetrically distributed around 0, with a mean (SD) of 0.015 (0.161) (left panel in Fig. 4) . The 95% CI of the "test-retest" differences (−0.087 to 0.117) included 0, that is, no significant learning effect existed. Crucially, the 95% CI for the EI for a single SLA measurement in children was ±0.12 (see Eq. 10 in Materials and Methods). In addition, the "test-retest" differences in children did not depend on EI (r = 0.20, p = 0.54, n = 12), the duration of the test (r = −0.014, p = 0.60, n = 12), the number of sound-source shifts (r = −0.043, p = 0.89), the number of perceived sound sources (r = −0.24, p = 0.44, n = 12), or age (r = 0.17, p = 0.60, n = 12), as revealed by linear regression analyses (see Fig., Supplemental Digital Content 2, which depicts "test-retest" differences in children as a function of age; http://links.lww.com/EANDH/A216). Furthermore, no significant difference between the mean test-retest differences in adults and children existed (Z = −0.12, p = 0.91, Mann-Whitney U test). Auditory-Visual Localization Accuracy as a Measure of Oculomotor Maturity • To study whether oculomotor immaturity could be a confounder for the effect of age on SLA, we computed the auditory-visual EI in adults (mean [SD] = 0.016 [0.022]; range = 0 to 0.050) and children (mean [SD] = 0.139 [0.114]; range = 0 to 0.327) (Table 1) .
In children, the significantly lower auditory-visual EI than the auditory EI (Z = 3.1, p = 0.002, n = 12, Wilcoxon matched pairs test) might reflect that children made corrections of their visual attention after the transient reappearance of the visual part of the stimulus and that the children were able to follow the spatial shifts. No effect of age or azimuth on the ability to follow the auditoryvisual stimulus existed, as revealed by simple linear regression analysis (auditory-visual EI = 0.158 − 0.0003 × Age (weeks), ) showed a decreasing EI with increasing age (n = 12), that is, an age-related improvement of SLA. High SLA was found in all the adults (n = 8).
ASP ET AL. / EAR & HEARING, VOL. 37, NO. 2, e104-e118 e111 r = −0.093, p = 0.77, n = 12) and by analysis of the perceived auditory-visual azimuths as a function of presented auditory-visual azimuths (see Fig., Supplemental Digital Content 3, which demonstrates the 1:1 relationship between the median perceived auditory-visual azimuths and presented auditory-visual azimuths, with 6/12 quartile ranges = 0 degrees and the remaining 6/12 quartile ranges within 10 degrees; http://links.lww.com/EANDH/A217). In adults, the mean (SD) auditory-visual EI (0.016 [0.022]) was not statistically significantly different from the mean auditory EI (Z = 1.8, p = 0.07, n = 8, Wilcoxon matched pairs test), indicating that adults had their gaze directed toward the AOIs and made small (if any) corrections of their visual attention when the visual stimulus returned after the soundonly periods.
Effect of Time Elapsed, Number of Sound-Source Shifts, and Number of Perceived Sound-Sources on SLA
The mean (SD) time elapsed for an SLA test in adults and children was 162 sec (28 sec) and 168 sec (50 sec), respectively. Table 1 depicts time elapsed in each child.
Collection of gaze data was successful in all the eight participating adults, during all the sound-source shifts, except for one subject in whom no response was attained for the −55 degrees presented sound-source azimuth.
Children were cooperative during 10 to 24 loudspeaker shifts (Table 1) . During these shifts, 8 to 24 perceived sound-source locations were recorded (Table 1) . No relationship existed between the EI and the duration of the test (EI = 0.38 + 0.0002 × Duration (s), r = 0.05, p = 0.88), the number of sound-source shifts (EI = 0.68 − 0.014 × Number 
Gaze Pattern and Presented Sound-Source Azimuth as a Function of Time
Gaze/AOI intersections and presented sound-source azimuths for the subject with the lowest EI (subject c4, EI = 0.147), the subject exhibiting the EI closest to the median EI (subject c6, EI = 0.396), and the subject with the highest EI (subject c10, EI = 0.738) are provided as Supplemental Digital Content (see Fig., Supplemental Digital Content 4, which shows Gaze/AOI intersections as a function of time [seconds]; http://links.lww.com/ EANDH/A218). For these three subjects, serving as examples owing to their extreme or typical EIs, visual inspection of Gaze/ AOI intersections revealed a continued participation throughout the SLA test, as indicated by the recorded gaze/AOI intersections during the initial, the middle, and the final part of the test (the nine remaining subjects showed a similar behavior of sustained participation and periods of inattention [not shown]). Specifically, we recorded gaze/AOI intersection samples in all sound-only periods in subject c4, whereas missing samples during sound-only periods occurred in all the other children (n = 11, cf. number of sound-source shifts versus number of perceived sound-sources in Table 1 ). As an example, no gaze data were collected in subject c10 between 6.3 to 11.9 sec and 31.7 to 38.9 sec of the SLA test or in subject c6 between 8.5 to 11.7 sec and 30.2 to 34.9 sec (see Fig., Supplemental Digital Content 4, which shows Gaze/AOI intersections as a function of time [seconds]; http://links.lww.com/EANDH/A218). The missing gaze/AOI samples were due to inattention of the child (children spontaneously looked away from the AOIs and were interested in, e.g., the eye-tracking cameras) or if the children covered parts of their face with their hands, which prevented the eye-tracking algorithm from positioning of the pupils, or excitement of the child because of the auditory-visual stimulus (some children started dancing while sitting), which occasionally had the consequence that the face was out of the view of the eye-tracking cameras.
Further visual inspection of the Gaze/AOI intersections from each test in children revealed that-when eye tracking was possible-children mostly initiated a response within the sound-only period, albeit this response was not always toward the presented azimuth (see Fig., Supplemental Digital Content 4; http://links.lww.com/EANDH/A218). The visual inspection in all children and all sound-only periods, thorough pilot testing, and previously reported data on latencies for head turns toward lateralized auditory stimuli in 5-month-old children (Morrongiello & Clifton 1984) implied that the sound-only period (1.6 sec) was sufficient for children to initiate a sound localization response.
Perceived Versus Presented Sound-Source Azimuth
In adults, the median perceived sound-source azimuths coincided with the presented sound-source azimuths across the entire spatial range tested (−55 to 55 degrees), except at 15 degrees azimuth (median perceived azimuth = 20 degrees, i.e., in between two presented sound-sources azimuths) (Fig. 5) . The intersubject variability (perceived versus presented sound-source azimuths) was low, as revealed by the zero quartile range (25 to 75%) of perceived azimuths in relation to the presented sound-source azimuths (except at −45, 15, and 55 degrees azimuth where the quartile range was within 10 degrees) (Fig. 5) . As another example of the low intersubject variability, the percentile ranges (10 to 90%) of perceived azimuths were within ±10 degrees of the presented sound-source azimuths.
In children, the medians of the perceived sound sources either coincided with the presenting sound sources or were offset by a maximum of 20 degrees (Fig. 5) . The offset was toward the median plane in all subjects, except for the two sound sources at ±5 degrees (i.e., in front of the subject), where a lateral offset was found.
As an illustration of individual SLA in children, the perceived versus presented sound sources were plotted for all the subjects (Fig. 6) . The pattern of perceived sound sources corroborated the objectively quantified EIs. For example, in subjects c4, c11, and c12 (Fig. 6) , who all revealed an EI <0.25, the perceived soundsource azimuths were within 10 degrees of the presented soundsource azimuths. By contrast, in subjects c5, c1, and c10 (Fig. 6) , who all revealed an EI >0.55, the majority of perceived soundsource azimuths were 20 degrees or more from the presented sound source. Subjects c2, c6, and c10 (Fig. 6 ) demonstrated large localization errors at 15 degrees azimuth, which affected the quartile range of perceived azimuths (Fig. 5) . Subjects c6 and c10 could, however, follow the SLA test as indicated by their low auditory-visual EI (0.15 and 0.056, respectively), whereas subject c2 showed a slightly higher auditory-visual EI of 0.33 (see Table 1 for auditory-visual EI in all the children).
Other Measures of Sound Localization Error
MAE and RMS in children and adults are reported in Table 2 to enable comparisons across studies. In children and adults alike, high positive correlations between the EI and the MAE (children: EI = 0.028 × MAE − 0.023, r = 0.98, p < 0.0001, n = 12; adults: EI = 0.026 × MAE − 0.0006, r = 0.99, p < 0.0001, n = 8) and the EI and the RMS (children: EI = 0.027 × RMS − 0.093, r = 0.97, p < 0.0001, n = 12; adults: EI = 0.023 × RMS − 0.050, r = 0.99, p < 0.0001, n = 8) were found. Furthermore, adults showed average (SD) angular errors from left and right of midline of 1.3 (3.4), 3.5 (4.8), 1.5 (3.5), 1.3 (3.5), 3.6 (4.9), and 1.5 (3.9) degrees, at 5, 15, 25, 35, 45 , and 55 degrees azimuth, respectively.
DISCUSSION
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infants' SLA from about 6 months of age. The automatic acquisition of gaze behavior, minimal need for instructions, continuous broadband auditory stimulus with visual reinforcement, and random assignment of presenting sound-source azimuth allowed for assessment of SLA in less than 3 min on average. High SLA and low intersubject variability existed in adults, whereas infants revealed an age-related improvement in SLA corresponding to 16 percentage points per year, as studied with linear regression analysis. Interestingly, this improvement is quite similar to the improvement found in children with bilateral severe-to-profound sensorineural hearing loss after activation of bilateral cochlear implants (21 percentage points per year) (Asp et al. 2011 ).
Children
Already from a few weeks of age, infants have stable fixations, and the mean amplitude of saccades is similar to that of adults (Hainline et al. 1984) . Moreover, auditory targets can be used to evoke saccadic eye movements in humans (Zambarbieri 2002) . Thus, objectively determined gaze behavior in response to spatially distributed auditory and visual events should reflect perception of the spatial positions from an early age. Indeed, several findings of this study demonstrate that the use of gaze as a measure of the perceived locus of a sound, in combination with the use of an ongoing broadband sound as a target signal, rapidly provided valid and objective data on SLA in both infants and adults.
First, children's median perceived sound-source azimuths either coincided with or were within 20 degrees from the presented sound-source azimuths across the entire spatial range tested (Fig. 5) . Second, the patterns of pupil positions in all the participating children indicated that they adjusted their gaze in response to the continuously updating soundsource positions (see Fig., Supplemental Digital Content 4 , which provides examples of three children; http://links.lww. com/EANDH/A218). Third, the distinct age-related improvement in SLA, suggesting systematic improvements of localization as a function of age, is in line with previous data on infant absolute sound-source identification (Morrongiello & Rocca 1987) .
During a single 10-min session, Morrongiello and Rocca (1987) presented 2-sec click trains (totally eight clicks) in the dark, at an average sound pressure level of 65 dB(C) from loudspeakers positioned at ±18, ±36, ±54, ±72, and ±90 degrees azimuth (18 degrees separation) and visually reinforced the subjects at some of the trials by illuminating a lamp at the corresponding azimuth. By quantifying head-turn angles in response to the auditory stimuli, they found systematic improvements in SLA when comparing average MAEs in five age groups around 6, 9, 12, 15, and 18 months, respectively (n = 16 in each group, at least 7 males and 7 females). We transformed those mean MAEs to EIs according to the linear relationship found in our own data (EI = 0.028 × MAE − 0.023, r = 0.98) and performed a linear regression analysis of the resulting mean EIs as a function of mean age in each group (EI = 0.60 − 0.0060 × Age (weeks), r = −0.99, p = 0.001, n = 5). The resulting slope (0.60 percentage points per week) was very similar to the slope obtained when considering the same age range (up to 18 months) in the data collected in the present study (0.65 percentage points per week, n = 9) (EI = 0.78 − 0.0065 × Age (weeks), r = −0.67, p = 0.048, n = 9), supporting the relevance of the methodology presented here.
One of 13 subjects (8%) did not cooperate to testing in the present study (all subjects less than 18 months of age cooperated), whereas sound localization was not possible to quantify by head-turn angles in 14 of 94 (15%) recruited subjects in the study by Morrongiello and Rocca (1987) . Furthermore, the SLA test and the objective analysis of gaze/AOI intersections were performed in 168 sec, on average, compared with the 10-min testing session as well as the time required for offline analysis of head angle by two independent observers in the study by Morrongiello and Rocca. The improving EI with increasing age cannot be attributed to the maturation of oculomotor function, as no significant relationship existed between the auditory-visual EI and age (r = −0.093, p = 0.77, n = 12). In a previous study, auditoryvisual MAE in children ages 6 to 18 months averaged 4 to 6 degrees, as measured by head-turn angles (Morrongiello & Rocca 1987) , which is comparable to the mean (SD) auditoryvisual MAE found in the present study in the same age range (6 [4] degrees, n = 9, data not shown). It seems plausible, thus, that motor and oculomotor immaturity introduces a small variability in the auditory EI in infants and young children. 
Adults
The eight participating normal-hearing adults showed high SLA across the entire horizontal range tested (±55 degrees), high test-retest reliability, and low intersubject variability. The slight median offset at 15 degrees azimuth (perceived soundsource azimuths coincided with the presented sound-source ASP ET AL. / EAR & HEARING, VOL. 37, NO. 2, azimuth in 7 of 16 [44%] stimulus presentations) could not be explained by differences in impulse responses and frequency spectra in the 12 loudspeakers. When making quantitative comparisons between studies of adult absolute sound localization, care should be taken with, for example, differences in auditory stimuli (e.g., spectral content and bandwidth), response method (e.g., noise pointing, gun pointing, and keypads), the horizontal and/or vertical spatial range tested, and whether or not subjects were allowed to move their head freely. For example, facing the perceived location of a sound source result in smaller MAE compared with indicating sound-source coordinates verbally (see, e.g., Fig. 7 in the studies by Wightman & Kistler 1989; Makous & Middlebrooks 1990) . As another example, the bandwidth of the target stimulus affects SLA, with significantly larger localization errors for tonal stimuli than broadband sounds (Recanzone et al. 1998 ). Furthermore, pure-tone horizontal localization errors in the free field are frequency dependent and maximal around 3 kHz (larger by a factor of 2 to 3 compared with tonal stimuli of high and low frequencies) (Stevens & Newman 1936; Humes et al. 1980 ).
In the present study, the range of the adult EI was 0.031 to 0.084 [mean (SD) = 0.054 (0.021)], which is well in line with the range obtained for broadband as well as low-frequency (500 Hz pure tone) stimuli in previous studies (EI range: 0.023 to 0.10) including participants with normal hearing and using the EI as a measure of overall horizontal SLA (Humes et al. 1980; Bess et al. 1986; Johnstone et al. 2010; Asp et al. 2012) . The youngest subjects in those studies were 5 years of age, an age by which SLA is suggested to be mature (Van Deun et al. 2009 ). Two of the studies assessed SLA by presenting 500 and 3000 Hz pure tones to adults and children ages 6 to 13 years (Humes et al. 1980; Bess et al. 1986 ). The mean EI for the 3000-Hz pure-tone stimulus was 0.17 (Bess et al. 1986 ) and 0.29 (Humes et al. 1980 ) in children and 0.24 in adults (Bess et al. 1986 ). One study presented a spondee ("baseball") to children ages 6 to 14 years (Johnstone et al. 2010) , and one study presented two recorded and filtered animal sounds with the main acoustical energy below 1000 Hz, and between 2.5 and 5 kHz, respectively, to children ages 5 to 9 years (Asp et al. 2012) .
From a methodological perspective, perhaps the most fair comparison of our adult data with previous work would be with the study by Populin (2008) , who instructed adults to "look at the source" when they heard a 150-msec broadband noise burst presented at 50 to 53 dB SPL from loudspeakers not visible to the subject. The gaze of the subjects was measured with a scleral search coil system, requiring a medical procedure for the placement of equipment in one eye. It was revealed that average angular errors for horizontal target locations between 30 and 80 degrees azimuth was about 10 degrees, whereas sounds presented at midline were less accurately localized (average angular error = 15 degrees). The range of average angular errors across azimuths in the present study was 1.3 to 3.6 degrees, suggesting higher accuracy than the data presented by Populin and also higher accuracy than other previously reported data on adult absolute sound localization, which was 5 to 10 degrees in the frontal horizontal plane (Wightman & Kistler 1989; Makous & Middlebrooks 1990; Carlile et al. 1997; Recanzone et al. 1998; Populin 2008 ) (for a visual comparison of previous data, see Fig. 10A in the study by Populin 2008). The higher accuracy is particularly interesting when considering the short time elapsed for data acquisition [mean (SD) = 162 sec (28 sec)] and no need for training of the subjects. By contrast, in the study by Makous and Middlebrooks (1990) , subjects were trained during 10 to 20 training sessions, showing stable performance in most cases within two to five training sessions, which corresponded to 45 min to 2 hr.
Likely, there are several explanations to the smaller angular errors found in the present study. First, stimulus presentation levels were roved in the study by Populin (2008) , thereby reducing the likelihood of cues attributable to differences in the loudspeakers as well as intensity cues. Such roving was not applied in the present study (although the intensity of the stimulus itself varied over time, which likely resulted in different presentation levels after each sound-source shift). Furthermore, the spectral variation between loudspeakers was low (see Fig., Supplemental Digital Content 1, which shows the spectra for all the loudspeakers; http://links.lww.com/EANDH/A215). Indeed, no loudspeaker bias could be found when analyzing the perceived versus presented sound-source azimuths (Fig. 5 ). However, it cannot be ruled out that roving of the stimulus level adds difficulty to an SLA task.
Second, the ongoing stimulus used in our study allowed subjects to sample the auditory space by head movements during 1.6 sec, which may have assisted them in resolving some of the ambiguity about sound location (Thurlow et al. 1967 ). An ongoing stimulus results in higher SLA when compared with a brief stimulus using a head-pointing response paradigm (Makous & Middlebrooks 1990 ).
Third, gaze as measured by CR may be a more accurate measure of SLA than gaze as measured by the search coil technique in the study by Populin (2008) . The lower sound presentation level (50 to 53 dB SPL) in the study by Populin cannot explain the larger angular errors because SLA reaches an asymptote at approximately 30 dB sensation level (Sabin et al. 2005 ). The CR technique may also be more accurate than the head pointing and verbal indication of loudspeaker positions used previously (Wightman & Kistler 1989; Makous & Middlebrooks 1990; Carlile et al. 1997; Recanzone et al. 1998 ); participants of a head-pointing task also use movements of the eyes to "localize" the target, which is acknowledged and documented in earlier research and to some extent overcome by extensive training of subjects in the head-pointing task (Makous & Middlebrooks 1990; Carlile et al. 1997) . Specifically, gaze seems to come closer to auditory targets than the head angle, which tends to undershoot the target, especially under highly dynamic conditions where the head is moving during sound presentation (Vliegen et al. 2004) .
Finally, in the adult sound localization studies reporting average angular errors (Wightman & Kistler 1989; Makous & Middlebrooks 1990; Carlile et al. 1997; Recanzone et al. 1998 ), sound sources were in various ways made invisible to the subjects, thereby creating a continuum of response alternatives. The aim with our stimulus paradigm was primarily to maximize interest in infants and young children and to avoid the need for instructions about the psychomotor task. Consequently, our localization setup constrained subjects' responses to 12 potential targets (LD-pairs), which may introduce a localization bias because the perceived direction of the sound may, for example, be in between two LD-pairs. A difference in localization accuracy between unconstrained and constrained response sets is shown for vertical sound localization (Perrett & Noble 1995) .
In a recent adult SLA study where loudspeakers were visible (i.e., a constrained response set as in the present study)
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ASP ET AL. / EAR & HEARING, VOL. 37, NO. 2, e104-e118 and participants responded by entering loudspeaker numbers on a key pad, participants showed a mean RMS of 6.6 degrees (SD not reported) when presented with wideband noise from 11 loudspeakers distributed over ±75 degrees azimuth in 15 degrees increments (Dorman et al. 2014) . The mean RMS found here was lower (4.6 degrees). A difference between the study by Dorman et al. (2014) and our study-besides the response technique-is the position of the eyes and the head at stimulus onset. At the time SLA was measured in our study (i.e., during the sound-only periods), the positions of the eyes (and the head) deviated from the midline. This was not the case in the study by Dorman et al. ( and is not in most previous studies), where the subjects were instructed to look at the center loudspeaker. However, our approach should not affect SLA, as shown by studying the effect of initial gaze position (at midline versus off-midline) on sound localization performance in adults (Populin 2008) .
Reliability
The SLA test produced highly reliable results in adults, as shown by test-retest differences close to 0 and low variability (mean = 0.013, 95% CI = −0.020 to 0.046). An increase in variability was found for a reduced number of sound-source shifts, albeit no significant differences between the mean test-retest differences for 24, 12, 6, and 3 sound-source shifts were found. This finding is important in light of the common time constraints in clinical settings.
The reliability of SLA in children was implicitly tested by splitting each test of SLA in part 1 (test) and part 2 (retest). Symmetrically distributed "test-retest" differences around 0 were found, with a mean of 0.015 and a corresponding 95% CI of −0.087 to 0.117. The estimated 95% CI for the EI for a single measurement in children was ±0.12, which was approximately twice as large as in adults: ±0.054. This difference was possibly due to the relative incapacity of the children to direct their gaze toward the LD-pairs. Even though no effect of age on the auditory-visual EI existed in the children and auditory-visual performance was high across azimuths, children revealed an auditory-visual EI that was greater (i.e., worse accuracy) by a factor 10 relative to the auditory-visual EI in the adults. Taken together, acceptable test reliability existed in children. Furthermore, "test-retest" did not depend on age or EI, suggesting the SLA test to be reliable in both infants and young children and in both good and poor performers.
Clinical Implications
The possibility to objectively and accurately study SLA in very young children should be of great importance. Children with various degrees of hearing loss and history of abnormal sound exposure-for example children fitted with CIs or hearing aids or children with unilateral hearing loss-should benefit from a routine follow-up starting as early as possible to assess the development of spatial hearing and possibly aid in the binaural/bimodal fitting process already during infancy.
In addition, owing to the nature of the localization test setup presented here, with visual feedback of the presenting soundsource azimuth, a sound localization training paradigm for children with hearing impairment could be explored, a possibility shown in normal-hearing adults with simulated unilateral hearing loss (Irving & Moore 2011) , in ferrets using cochlear implants (Isaiah et al. 2014) , and further discussed in a recent review (Carlile 2014) .
In infants, we found a rate of improvement in SLA of 16 percentage points per year, as revealed by the slope of a linear regression analysis. Although the rate of improvement may rather be exponential (cf. Fig. 3) , it is similar to that of 6-yearold (median) children with congenital severe-to-profound hearing impairment, after activation of bilateral cochlear implant stimulation (21 percentage points per year) (Asp et al. 2011) . The fact that SLA develops at a comparable rate in these two groups of children suggests a developmental process strongly influenced by sensory experience (O'Neil et al. 2011) . Indeed, refinement and modification of the neural circuits responsible for processing binaural information in the auditory pathway seem to occur during development, to some extent extending into adulthood, in both animals and humans (King et al. 2000) . Auditory experience has a key role in these modifications of the central mechanisms essential for sound localization (O'Neil et al. 2011 ). Individual features (e.g., head circumference and the profile of the pinnae) shape this mechanism through normal experience, whereas abnormal acoustic experience results in compensatory changes in the brain (Kumpik et al. 2010) . It follows that a fast and objective test, allowing for assessment of SLA from infancy, may be important not only as a clinical tool but also as a research instrument for the study of the effects of hearing loss on the nervous system during the plastic period of auditory development in humans. In addition, given the importance of precise coding of temporal information for accurate localization of sound sources, a highly valid and reliable SLA test should be important for the diagnosis of "hidden hearing loss," that is, neuronal and synaptic deficits with intact cochlear mechanics and no hair-cell loss, producing normal audiograms (Plack et al. 2014; Bharadwaj et al. 2015) .
Based on the present findings in children-with a systematic effect of age on the ability to accurately localize sounds in the frontal horizontal plane-further research in a very large sample of children over a wide age range, allowing a detailed analysis of the developmental rate, is warranted.
Finally, the importance of rapidity of objective tests for clinical purposes cannot be overestimated, both from the clinician's and the patient's point of view. The short time elapsed for the SLA test in this study, in both children and adults, was on a large part attributed to the naturalness of using gaze as a measure of the perceived sound direction, allowing measurements to be performed with minimal need for instructions and training.
CONCLUSIONS
CR eye tracking provides an objective and fast assessment of infant horizontal SLA from about 6 months of age and may enable gaze to be used as an objective measure for sound localization in this age group. Improvements in infant SLA are related to increasing age. Adults show high overall SLA and low intra-and intersubject variability in SLA, as measured with the same CR eye-tracking technology as in infants. The technique may be used as a clinical tool for evaluation of very early intervention in a young, preverbal population and throughout the life span.
